Franz JR, Thelen DG. Depth-dependent variations in Achilles tendon deformations with age are associated with reduced plantarflexor performance during walking. J Appl Physiol 119: 242-249, 2015. First published May 28, 2015 doi:10.1152/japplphysiol.00114.2015.-The anatomical arrangement of the Achilles tendon (AT), with distinct fascicle bundles arising from the gastrocnemius and soleus muscles, may facilitate relatively independent behavior of the triceps surae muscles. A reduced capacity for sliding between adjacent tendon fascicles with age may couple gastrocnemius and soleus muscle behavior, thereby potentially contributing to diminished plantarflexor performance commonly observed in old adults. Nine healthy young (mean age, 23.9 yr) and eight healthy old (69.9 yr) adults walked at three speeds (0.75, 1.00, and 1.25 m/s) on a force-sensing treadmill. We coupled dynamic ultrasound imaging of the free AT with motion capture and inverse dynamic analyses to compute, in part: 1) depthdependent variations in AT tissue displacements and elongations and 2) net ankle joint kinetics during push-off. The difference in displacements between superficial and deep AT regions, and in their corresponding elongations, did not differ between old and young adults at the slower two walking speeds (P Ͼ 0.61). However, old adults walked with 41% smaller depth-dependent variations in free AT displacements and elongations at 1.25 m/s (P ϭ 0.02). These more uniform tendon deformations in old adults most strongly correlated with reduced peak ankle moment (R 2 ϭ 0.40), but also significantly correlated with reduced peak power generation (R 2 ϭ 0.15) and positive ankle work during push-off (R 2 ϭ 0.19) (P Ͼ 0.01). Our findings: 1) demonstrate a potential role for nonuniform AT deformations in governing gastrocnemius and soleus muscle-tendon function and 2) allude to altered tendon behavior that may contribute to the age-related reduction in plantarflexor performance during walking. ultrasound; gait; triceps surae; kinetics; elderly PLANTARFLEXOR PERFORMANCE (i.e., net ankle joint kinetics) during the push-off phase of walking decreases precipitously in old age (6, 7, 17, 21, 38) . This biomechanical change is often implicated in and may precede the age-related slowing of preferred walking speed, which in turn negatively affects old adults' health and independence (13, 31) . The mechanism(s) underlying reduced plantarflexor performance in old adults has remained elusive, although common candidates include muscle weakness and limited range of motion (18). Although potentially important, relatively few studies of walking have investigated age-related changes in the behavior of the Achilles tendon (AT), which governs the transmission of triceps surae (i.e., gastrocnemius and soleus) muscle forces (25). Based on in vivo ultrasound measurements, we recently proposed that sliding between AT fascicle bundles may allow for relatively independent muscle fiber behavior in the triceps surae muscles. This in turn may promote the muscle-tendon coordination necessary for effective force or power generation during pushoff (9). Age-related changes in AT behavior may compromise sliding between adjacent tendon fascicles (36) and thereby alter the coordination of gastrocnemius and soleus muscle actions in walking.
PLANTARFLEXOR PERFORMANCE (i.e., net ankle joint kinetics) during the push-off phase of walking decreases precipitously in old age (6, 7, 17, 21, 38) . This biomechanical change is often implicated in and may precede the age-related slowing of preferred walking speed, which in turn negatively affects old adults' health and independence (13, 31) . The mechanism(s) underlying reduced plantarflexor performance in old adults has remained elusive, although common candidates include muscle weakness and limited range of motion (18) . Although potentially important, relatively few studies of walking have investigated age-related changes in the behavior of the Achilles tendon (AT), which governs the transmission of triceps surae (i.e., gastrocnemius and soleus) muscle forces (25) . Based on in vivo ultrasound measurements, we recently proposed that sliding between AT fascicle bundles may allow for relatively independent muscle fiber behavior in the triceps surae muscles. This in turn may promote the muscle-tendon coordination necessary for effective force or power generation during pushoff (9) . Age-related changes in AT behavior may compromise sliding between adjacent tendon fascicles (36) and thereby alter the coordination of gastrocnemius and soleus muscle actions in walking.
The free AT (calcaneal insertion to soleus muscle-tendon junction) consists of superficial fascicles arising from the medial gastrocnemius and deep fascicles arising from the lateral gastrocnemius and soleus (35) . Relative motion between these fascicle bundles appears to be an important characteristic of energy-storing tendons (37) . Haraldsson et al. (12) suggested that sliding between AT fascicles may allow them to behave as functionally independent structures. Consistent with these observations, we recently discovered in young adults that tendon fascicles presumably arising from the medial gastrocnemius undergo ϳ30% greater peak elongation than those from the soleus during walking (9) . These depth-dependent differences became larger with faster walking speed. Accordingly, these data suggested that nonuniform AT behavior may facilitate the gastrocnemius and soleus muscles exhibiting unique muscle fiber kinematics and contributing differently to forward propulsion and body weight support (5, 11, 15, 24) .
Why might AT behavior be altered with aging? Animal models of aging tendon reveal a proliferation of collagen cross-linking and a reduced capacity for sliding between tendon fascicles in energy-storing tendons comparable to the human AT (36) . Although most often interpreted in the context of tendon injury, a coupling of AT fascicle bundles with age may bring deleterious effects on the triceps surae muscletendons in walking. Conceptually, such changes could couple the contractile behaviors and biomechanical functions of the gastrocnemius and soleus muscles. A shift in muscle fiber operating lengths with age or an inability to optimally modulate relative levels of propulsion and body weight support during push-off could negatively affect net ankle joint kinetics in walking. These changes could potentially be evidenced by a loss of the nonuniform AT deformations we have reported for young adults and, if functionally relevant, a concomitant and proportional reduction in net plantarflexor performance. Certainly, there is evidence that gross changes in AT mechanics can alter triceps surae muscle function. For example, greater tendon compliance may explain why old adults exhibit shorter soleus and gastrocnemius muscle fiber lengths and a diminished stretch-shortening cycle compared with young adults (25, 29) . In addition, given that AT deformations in young adults become more nonuniform when walking faster (9), a reduced capacity for interfascicle sliding with age may manifest most at faster walking speeds.
Our purpose was to investigate age-related changes in free AT deformations in vivo during walking and their relation to plantarflexor performance in old and young adults. Our approach included dynamic ultrasound imaging coupled with quantitative motion capture and inverse dynamic analyses of walking over a range of speeds. We first hypothesized that superficial-deep variations in free AT deformations would be smaller in old than young adults, especially when walking faster. Second, we hypothesized that these more uniform AT deformations would be correlated with an age-related reduction in plantarflexor performance. Finally, we used a passive ankle flexion task to explore the extent to which age-related changes in free AT deformations during walking arise from biomechanical factors or differences in gastrocnemius vs. soleus neuromuscular control.
MATERIALS AND METHODS
Subjects. We present data for nine healthy young (4 females, age: 23.9 Ϯ 1.8 yr, height: 1.76 Ϯ 0.14 m, mass: 70.3 Ϯ 12.0 kg) and eight healthy old (6 females, age: 69.9 Ϯ 1.6 yr, height: 1.60 Ϯ 0.11 m, mass: 64.7 Ϯ 10.2 kg) adults. Subjects provided written informed consent per the University of Wisconsin Health Sciences Internal Review Board and completed a health questionnaire based on recommendations from the American College of Sports Medicine (1). We excluded subjects based on the following: body mass index Ն30, sedentary lifestyle, first-degree family history of coronary artery disease, cigarette smoking, high blood pressure, high cholesterol, diabetes, orthopedic or neurological condition, taking medication that causes dizziness, or any unanticipated falls in the prior six months.
Experimental protocol. We first assessed subjects' preferred overground walking speed from the average of two times taken to traverse the middle 4 m of a 10-m walkway at a comfortable speed. We then conducted all testing on a dual-belt, force-sensing treadmill (Bertec, Columbus, OH) that recorded ground reaction forces (GRF) at 2,000 Hz during walking trials. Subjects completed a 6-min treadmill acclimation trial (i.e., 2 min at each of three speeds: 0.75, 1.00, and 1.25 m/s) to allow their movement patterns to stabilize and precondition the AT (14) . Subjects then completed one 2-min walking trial at each of these speeds in random order while we collected synchronized whole body kinematics, cine ultrasound images, and GRFs as outlined below. Subjects also completed cyclic passive ankle flexion tasks to a metronome set to 0.5 Hz. To differentially load the gastrocnemius and soleus muscles, we conducted passive trials at 0°a nd 90°of knee flexion in random order. Specifically, beginning from a resting ankle position (mean: Ϫ20.1°and 8.0°ankle dorsiflexion at 0°and 90°knee flexion, respectively), we manually flexed subjects' right ankle through its range of motion using a handheld uniaxial force transducer applied at the ball of the foot. We used the raw young adult data from our previous study (9) , which we reanalyzed with the old adult data as follows.
Ultrasound imaging and analysis. We positioned a 10-MHz, 38-mm linear array transducer (L14-5W/38; Ultrasonix, Richmond, BC) via a custom orthotic over the free AT, centered on average ϳ5-6 cm superior to the posterior aspect of the calcaneus. Subjects completed the experiment barefoot to facilitate transducer placement. The transducer captured 128 lines of ultrasound radiofrequency (RF) data at 155 frames/s from a longitudinal cross section of the tendon with 0.297 ϫ 0.019 mm pixel resolution through a 2-cm depth. We recorded ultrasound data from five strides per walking speed (5 cycles/passive ankle flexion task) distributed over each trial duration.
A custom two-dimensional speckle-tracking algorithm was used to track free AT tissue displacements in the ultrasound images (9, 34).
We upsampled the ultrasound RF data by a factor of four in both the longitudinal and transverse directions. For each gait or motion cycle, we then defined a rectangular region of interest (ROI) measuring ϳ15 ϫ 3 mm positioned only to include data from AT tissue in a B-mode image of the unloaded AT. For passive ankle flexion trials, the unloaded AT occurred at the relaxed ankle joint position. For walking trials, the unloaded AT was assumed to occur at toe off, an instant of negligible force transmission in walking (20) . Within the ROI, we laid down a grid of nodes with 1 ϫ 0.5 mm initial spacing. To track tissue motion, we computed two-dimensional normalized cross-correlation functions between data arising from a 2 ϫ 1 mm kernel centered at each nodal position and those arising from a 3 ϫ 1.8 mm search window in the subsequent frame. Peaks of these crosscorrelations delineated the frame-to-frame nodal displacements, with subpixel displacements estimated using peaks of a 2D quartic spline surface fit of the correlations. To minimize the accumulation of bias errors, we determined the final nodal displacements using the weighted average of forward and backward tracking results by assuming cyclic motion trajectories. We averaged the longitudinal (alongfiber) nodal displacements in two equally sized tendon depths, superficial and deep, corresponding to tendon tissue presumably arising from the medial gastrocnemius and soleus, respectively (9, 35) . Finally, we calculated local maxima in the relative displacements between superficial and deep tendon regions (i.e., superficial-deep) as a metric of AT nonuniformity.
Motion analysis. An eight-camera motion capture system (Motion Analysis, Santa Rosa, CA) tracked pelvis and right and left lower limb kinematics at 200 Hz via the trajectories of 17 anatomical markers and an additional 14 tracking markers affixed using rigid clusters. We also tracked the position and orientation of the ultrasound transducer using three markers placed on the custom orthotic as we (9) and others (22) have detailed previously. We downsampled all marker trajectories to coincide with the ultrasound frame rate. In a prior study (9), we established the coordinate transformation between ultrasound images and the three orthotic marker positions. We used this coordinate transformation to estimate free AT tissue elongations, defined as the change in length between the ultrasound-based nodal positions and the posterior calcaneus position as a surrogate for calcaneal insertion. We report estimates of AT elongations relative to the subjects' minimum average tendon length at each speed. Finally, heel strikes identified from the vertical GRF were used to delineate gait cycles.
Ankle joint kinematics and kinetics. We filtered marker trajectories and GRF measurements using fourth-order low-pass Butterworth filters with cutoff frequencies of 6 and 100 Hz, respectively. We then scaled a 7-segment, 18 degree-of-freedom model (3) of the pelvis and legs to a standing calibration in which we identified functional spherical hip joint centers using leg circumduction tasks (30) . We then performed inverse kinematics and dynamics analyses using SIMM Pipeline (Musculographics, Santa Rosa, CA) and SD/FAST (Parametric Technology, Waltham, MA) as described previously (33) . Briefly, a global optimization inverse kinematics routine calculated pelvis and leg joint kinematics by minimizing the weighted sum of squared differences between measured and modeled marker positions. We derived subjects' net ankle moment and power via inverse dynamics based on model kinematics, anthropometrics, and GRF measurements. Average ankle joint kinematic and kinetic profiles were computed from 25 consecutive strides, from which we extracted subject's peak ankle flexion and extension, peak ankle extensor moment, peak ankle power generation, and positive ankle work during push-off. We normalized ankle joint kinetics by body mass.
Statistical analysis. For each subject, we averaged for each walking speed and ankle flexion task the three strides or cycles with the highest average nodal cross-correlations (walking: r Ͼ 0.95, passive ankle flexion: r Ͼ 0.99). From each subject's average trajectories, we calculated local maxima in superficial and deep tendon elongations and in the relative elongations between these two regions. For walking, a repeated-measures ANOVA tested for significant main effects of and interactions between age (old vs. young) and walking speed on AT tissue deformations (deep, superficial, and relative displacements and elongations), step frequency, and ankle joint kinematics and kinetics. For passive ankle flexion tasks, a second repeated-measures ANOVA tested for significant main effects of and interactions between age and knee flexion angle on AT tissue deformations. We applied a Greenhouse-Geisser correction for comparisons of unequal variances between conditions determined using Mauchley's sphericity test. When a significant main effect or interaction was found, we performed post hoc pairwise comparisons using Tukey's Honest Significant Difference and a P Ͻ 0.05 criterion. Finally, we computed bivariate correlation coefficients between AT tissue nonuniformity and ankle joint kinematics and kinetics.
RESULTS
Old and young adults exhibited similar preferred overground walking speeds (old: 1.43 Ϯ 0.12, young 1.45 Ϯ 0.10, P ϭ 0.71). On the treadmill, both groups walked with similar step durations (P ϭ 0.16) and peak ankle flexion and extension angles (P ϭ 0.49 and 058, respectively). However, despite having similar overall patterns of movement, the AT deformations and net ankle joint kinetics underlying this movement differed substantially between old and young adults as described below.
AT deformations during walking. We observed significant depth-dependent variations in free AT deformations during walking, wherein the superficial tendon displaced significantly less and elongated significantly more during stance than the deep tendon at all speeds for both old and young adults ( Fig. 1  and 2 ). The difference in displacements and elongations between superficial and deep AT regions did not differ between old and young adults at the slower two walking speeds (0.75 m/s: P ϭ 0.94; 1.00 m/s: P ϭ 0.61). However, significant age ϫ speed interactions revealed that only young adults exhibited a progressive increase in relative motion between the superficial and deep AT with faster walking speed (P Ͻ 0.01) (Fig. 1C) . Consequently, old adults walked with 41% smaller depth-dependent variations in free AT tissue displacements than young adults at 1.25 m/s (P ϭ 0.02).
Peak elongation of the free AT occurred during the latestance phase at all walking speeds for all subjects (Fig. 2) . Despite their relative elongations differing considerably at 1.25 m/s, we found no differences in peak superficial or deep tendon elongations between old and young adults at any walking speed (group main effect, superficial: P ϭ 0.67, deep: P ϭ 0.79). However, across the range of walking speeds, the free AT averaged 1.2-2.7 mm longer in old than young adults at the instant of toe off. These differences reached statistical significance at 1.25 m/s (superficial: P Ͻ 0.01, deep: P Ͻ 0.01) (Fig.  2) . In addition, a significant age ϫ depth interaction (P ϭ 0.04) revealed that, in young adults, superficial AT elongation increased two times as much as deep AT elongation across the range of speeds tested; elongation in these regions increased uniformly with faster walking speed in old adults (P ϭ 0.95).
Net ankle joint moment and power. Old adults exhibited significantly smaller increases in peak ankle moment and power generation, and positive ankle push-off work than young adults with faster walking speed (age ϫ speed, moment: P Ͻ 0.01, power: P Ͻ 0.01, work: P ϭ 0.02) (Fig. 3) . Compared with young adults, old adults averaged 8 and 12% smaller peak ankle moments at 1.00 m/s (P Ͻ 0.01) and 1.25 m/s (P Ͻ 0.01), and performed 19% less positive ankle push-off work at 1.25 m/s (P ϭ 0.02). Relative motion between superficial and deep AT regions was positively correlated with peak ankle moment and power generation, and with positive ankle pushoff work (Fig. 4A) . Subjects also modulated walking speed by increasing peak ankle moment and power generation, and positive ankle work in proportion to the relative motion between the superficial and deep AT (Fig. 4B) .
Passive ankle flexion. The superficial AT exhibited smaller distal displacements than the deep AT during passive ankle flexion (all P Ͼ 0.01), but these peak displacements did not differ with age (P Ͼ 0.29) or knee flexion angle (P Ͼ 0.36). However, the difference in displacements between superficial and deep AT regions was significantly smaller for old than young adults (P ϭ 0.03) (Fig. 5) Fig. 1 . A: we tracked superficial and deep tissue displacements within the free Achilles tendon (AT) using a two-dimensional speckle-tracking algorithm. We averaged the longitudinal (along-fiber) nodal displacements in two equally sized tendon depths, superficial and deep, corresponding to tendon tissue presumably arising from the medial gastrocnemius and soleus, respectively. B and C: representative free AT displacements during walking (B) and group mean (SE) differential (i.e., deep-superficial) free AT displacements (C).
range of motion at both knee flexion angles averaged 4°greater in old than young adults (P ϭ 0.01) for comparable applied loads.
DISCUSSION
We find that advanced age brings more uniform free AT deformations that are associated with reduced plantarflexor performance during the push-off phase of walking. As hypothesized, superficial-deep variations in free AT deformations were smaller in old than young adults, with significant agerelated differences averaging up to 41% emerging at 1.25 m/s. Also as hypothesized, more uniform free AT deformations were correlated with reductions in the peak moment and power developed and work performed by the plantarflexor muscles during push-off. Together, these results: 1) demonstrate a potential biomechanical role for nonuniform AT deformations in governing gastrocnemius and soleus muscle-tendon behavior and 2) allude to altered tendon behavior that may contribute to the age-related reduction in plantarflexor performance during walking.
More uniform AT deformations and reduced metrics of plantarflexor performance in old adults emerged with faster walking speed. This speed dependence is consistent with prior comparisons of ankle joint kinetics and plantarflexor muscle activities in walking between old and young adults (32, 33) . Thus, we would expect even larger differences in these outcome measures at speeds faster than those tested. A common explanation for the age-related reduction in plantarflexor performance in walking is that old adults accommodate for sarcopenia and leg muscle weakness. However, growing evidence suggests that muscle weakness alone cannot fully explain reduced plantarflexor performance in old adults (4, 8) . We proposed previously that nonuniform deformations of the AT may enable young adults' gastrocnemius and soleus muscles to Group mean superficial and deep free AT elongations during walking at three speeds plotted against an averaged gait cycle, from toe off to toe off (i.e., TO). Across the range of walking speeds, the free AT averaged 1.2-2.7 mm longer in old than young adults at the instant of toe off. These differences reached statistical significance at 1.25 m/s (superficial: P Ͻ 0.01, deep: P Ͻ 0.01). In addition, in young adults only, superficial AT elongation increased two times as much as deep AT elongation across the range of speeds tested (P ϭ 0.03); elongation in these regions increased uniformly with faster walking speed in old adults (P ϭ 0.94). **Significantly different between old and young adults (P Ͻ 0.05). stretch their associated tendinous structures more independently and operate at fiber lengths tuned for effective force or power generation (9) . Our present findings provide compelling, albeit indirect evidence in support of this hypothesis. Depending on the specific outcome measure, depth-dependent variations in AT tissue displacements explained 15-40% of the interindividual differences in plantarflexor performance. In young adults, such behavior may facilitate the gastrocnemius and soleus muscles exhibiting unique muscle fiber kinematics during walking and contributing differently to forward propulsion and body weight support (5, 11, 15, 24) . The mechanism(s) underlying reduced plantarflexor performance with age is most likely multifactorial and may include factors such as muscle weakness, limited range of motion, or compromised balance (17, 18) . However, the correlations we present herein implicate AT uniformity as both potentially relevant and clinically important.
Is AT uniformity a cause or byproduct of reduced plantarflexor performance during walking with age? Here, a passive ankle flexion task differentiated biomechanical factors from age-related changes in gastrocnemius vs. soleus neuromuscular control. Passive ankle flexion elicited more uniform free AT deformations in old than young adults in the absence of complex muscle activations that paralleled our observations during walking. Thus, it is unlikely that changes in gastrocnemius vs. soleus muscle forces with age fully explain the loss of depth-dependent variations in AT deformations of old adults. This conclusion is consistent with prior reports that relative cross-sectional area composition of the triceps surae muscles is preserved with age (27) . Accordingly, one interpretation of the correlations we present is that more uniform free AT deformations in old adults adversely affect gastrocnemius and/or soleus muscle actions and thus net plantarflexor performance. It is not entirely novel to suggest that age-related changes in AT behavior can influence triceps surae muscle function; increased tendon compliance with age may explain the shorter gastrocnemius and soleus muscle fiber lengths of old adults in walking (25, 29) . However, reports differ as to whether agerelated changes in tendon compliance influence muscle-tendon shortening during late stance. In contrast, more uniform AT deformations with age, which could lead to a coupling of individual triceps surae muscle actions, clearly manifest during the push-off phase of walking. This coupling would be undesirable given the unique muscle fiber kinematics and biomechanical functions (i.e., propulsion vs. body weight support) of the gastrocnemius and soleus muscles reported for young adults (11, 24) . Future experimental and computational modeling efforts are needed to confirm this explanation and identify the biomechanical mechanism underlying the link between AT uniformity and net plantarflexor performance.
There are several plausible explanations for how aging influences depth-dependent variations in AT deformations. Animal models of aging tendon reveal a proliferation of collagen cross-linking and a reduced capacity for sliding in energy-storing tendons (36) . These biological changes could explain the more uniform AT deformations presented here for old adults. However, there are alternative explanations that may not explicitly couple gastrocnemius and soleus muscletendon behavior. We previously identified several potential mechanisms to explain differences between superficial and deep AT deformations in young adults (9) . These included differences in contractile forces, tendon tissue material properties, muscle-tendon slack lengths, and muscle-tendon gearings between the individual triceps surae muscles. As discussed, age-related changes in contractile forces are unlikely to fully explain the more uniform AT deformations in old vs. young adults. We do report findings consistent with reduced AT compliance with age; compared with young adults, old adults exhibited: 1) greater passive ankle flexion range of motion for the same external load and 2) comparable peak AT elongation in walking despite a significantly reduced ankle moment. It is possible that tendon compliance (i.e., elastic modulus) changes disproportionately between the superficial and deep AT with age. Even with the same elastic modulus, age-related differences in muscle-tendon architecture could significantly and differentially affect superficial and deep tendon stiffness, due to the relatively longer and smaller cross section of tendon fascicles arising from the gastrocnemius vs. soleus muscles. Gajdosik et al. (10) found that the ankle angle at which net passive force develops in the plantarflexor muscles does not change with age. However, this does not preclude age-related differences in slack lengths that vary across the individual triceps surae muscle-tendons. Finally, the calcaneal insertion of the AT migrates proximally with age (19) . This morphological difference could influence regional AT deformations directly via architectural changes of the calcaneal insertion or indirectly via changes in triceps surae muscletendon gearing.
Given the prospective structural explanations for smaller depth-dependent variations in old adults' AT deformations, it is intriguing that these age differences were not apparent at slow walking speeds. Young adults exhibited a progressive increase in relative motion between the superficial and deep AT with faster walking speed. This implies that, in addition to structural factors, differences in gastrocnemius and soleus muscle forces may at least modulate superficial vs. deep AT elongations. Moreover, prior studies have observed less distinction between the biomechanical functions of the gastrocnemius and soleus muscles at slower walking speeds (26, 28) . Thus, we might expect more uniform AT deformations in both old and young adults when walking slowly. Consequently, one potential explanation for our findings is that old and young adults modulate differently the contributions from the gastrocnemius and soleus muscles with changing walking speed in a way that mitigates age-related differences in AT deformations during slow walking. Indeed, individual triceps surae muscle activities have been shown to vary with walking speed differently in old and young adults (32) . These ideas are further supported by our finding that young but not old adults exhibited depth-dependent differences in tendon elongation when walking faster, with two times larger changes seen in the superficial than deep AT. In contrast, elongations of the deep and superficial AT in old adults increased uniformly with faster walking speed. Potential explanations for this age-related difference include coupling of the superficial and deep AT, altered contributions from the gastrocnemius and soleus muscles with faster walking speed, and/or increased deep AT compliance in old adults. More uniform AT deformations do not preclude old adults from deliberately increasing ankle joint kinetics during walking. Indeed, old adults can increase plantarflexor performance when environmental factors demand (e.g., walking faster or uphill) or when encouraged to do so using appropriate biofeedback (7, 8) . Rather, if AT uniformity couples gastrocnemius and soleus muscle actions in the manner described, old adults may be unable to optimally modulate relative levels of propulsion and body weight support during push-off. In addition, tendon compliance experienced by the gastrocnemius or soleus muscle may be influenced both by tendon material properties and, with a reduced capacity for interfascicle sliding, by interactions with adjacent AT bundles. Tendon compliance has been shown to significantly alter muscle fiber kinematics and the efficiency of triceps surface muscular contractions during walking (23) . Thus, another consequence could be a shift in muscle fiber operating lengths and a greater metabolic cost of generating a given ankle moment or power. This explanation for reduced plantarflexor performance with age at a given walking speed is consistent with prior reports that walking slower enables soleus muscle fibers of old adults to operate at lengths comparable to young adults (29) .
We previously detailed the limitations of our experimental approach and ultrasound analysis (9) . We reiterate here that using two-dimensional ultrasound images to study a complex three-dimensional structure may oversimplify age-related changes to the AT. In addition, although our findings allude to a relation between depth-dependent variations in AT deformations and triceps surae muscle function, we have no direct measures of gastrocnemius or soleus muscle fiber behavior. It remains possible that changes in AT deformations and ankle joint kinetics are unrelated but simply arise simultaneously with aging. Coupling these outcomes with ultrasound-based estimates of age-related differences in gastrocnemius vs. soleus muscle fiber kinematics during walking will be an important future contribution. We also note that the examined speeds were slower than the subjects preferred overground walking speed, which did not differ between old and young adults. This may reflect that we included only otherwise healthy and active participants. In particular, we excluded sedentary subjects from participating, and exercise is known to positively affect the mechanical properties of the AT (2). Our future studies will consider depth-dependent variations in the AT deformations of sedentary and/or frail old adults who have not experienced exercise-induced plasticity. Finally, we included both male and female participants, and it is unclear to what extent sex differences in muscle-tendon mechanics and architecture influenced our results (16) .
We discovered that advanced age brings more uniform free AT deformations that are correlated with the age-related reduction in plantarflexor performance during the push-off phase of walking. Our findings support the theory that nonuniform free AT deformations may be important for the effective transmission of individual triceps surae muscle forces in walking. We also present evidence implicating AT uniformity as a novel contributor to reduced plantarflexor performance during walking with age.
